In this paper, we present the behaviour of layered sacri"cial claddings subjected to blast loading.The cladding layers are constructed out of thin mild steel sheets. The blast load was modelled as an equivalent triangular blast pulse. Both experimental and numerical analyses have been carried out. The analytical work is presented in this paper. Finite element analysis with step by step time marching under large deformation and large strain is carried out. Contact interface elements are used at the foldings of the sheet metal during the collapse of the layers. Isotropic strain hardening with dynamic yield properties according to Cowper}Symonds relation were employed for the material properties at the integration points at every time step. The layers undergo large plastic deformations and absorb energy before collapsing to a more stable con"guration. The layers collapse successively, one after the other. The mode of collapse of the unit cell in any layer is always same. Substantial reduction in impulse transfer is observed at the base of the cladding structure as much of the energy is absorbed due to plastic deformations. A simple analytical model is also proposed for the sacri"cial cladding structures.Under blast loading, layered sacri"cial claddings are very e!ective in energy absorption and they have a predictable behaviour. Hence, they can be used in design of reliable blast resistant structures.
Introduction
Design of blast and impact resistant structures is a complex task and it involves a number of tests before arriving at an acceptable design. When a structure is subjected to this kind of loading, an elastic design is seldom possible. Allowing the structure to undergo plastic deformations is essential to arrive at an economical design. A permanent deformation of the structure, on the other hand, may be undesirable if the structure is to be used even after the blast. It is possible to design the structure in layers wherein the layer of the structure subjected to direct blast undergoes plastic deformations and hence reducing the energy transmitted to subsequent layers [1] . In such a design the subsequent layers can be designed to work within the elastic limit. Hence, the structure can be designed in two layers viz. sacri"cial and non-sacri"cial.The sacri"cial layer may form the cladding layers and the frame or the grid structure can be non-sacri"cial ( Fig. 1) . The sacri"cial part can be modular and replaceable if damaged and hence it can be an economical solution where impulsive load may be expected often. If occurrence of impulsive loading is a very rare eventuality then the grid structure also can be designed to undergo plastic deformations, thus leading to a further economical design. This paper investigates the behaviour of the sacri"cial layer under blast load.
The sacri"cial layer must perform with a degree of predictability and e$ciency for the whole range of design blast loads. The important characteristics of structures under large plastic deformations are (i) mode of deformation, (ii) impulse transfer, (iii) energy absorption in plastic deformation and (iv) collapse space e$ciency. The mode of deformation is the most important characteristic as all the other parameters depend on it. For many structural con"gurations the mode of deformation varies dramatically with varying intensity and velocity of loading. This would a!ect the predictability of the performance over the whole range of design blast loads. Therefore, it is important to choose structural con"gurations that have a consistent deformation mode for the entire range of expected loading. Ability to absorb energy and collapse space e$ciency depend upon the spread of plastic region in the structure. Finally, the sacri"cial layer must transfer the least impulse to the non-sacri"cial layer. Design of a sacri"cial layer therefore is a very di$cult task. The generic devices available are reviewed in the next section.
Generic energy absorption devices
Calladine and English [2] have investigated two generic types of plastically deforming structures in energy absorbing situations under impact loading. The two types of structures were distinguished by the shapes of their overall static load de#ection curves (Fig. 2) . Type I has a relatively #at-toppeda curve, while type II has a`steeply fallinga curve. They showed that the deformations of type II specimens are much more sensitive to changes in the impact velocity than that for type I specimens. When the kinetic energy of the striking mass is kept the same for all specimens, smaller "nal deformations are associated with higher impact velocities and this phenomenon is much more signi"cant for type II specimen. Their experiments were conducted using a drop hammer apparatus. Zhang and Yu [3] have tried to give a better analytical model and explain the phenomena.
Reid and Reddy [4] have carried out experimental studies on cross-layered systems of metal tubes undergoing low-speed impact in a drop hammer apparatus that can be classi"ed as type I. They have also carried out experiments on one-dimensional ring systems in a high-speed impact apparatus. The e!ects of the two important aspects of impulsively loaded structures viz. strain rate and inertia are studied in the experiments. Another important observation of the experiments is the wave like phenomenon of collapse of rings. The rings collapsed successively, greatly reducing the speed of the shock passing through the ring system. Tam and Calladine [5] have carried out more analytical and experimental studies. In this study they have included terms of shortening of the specimen in their mathematical formulations. They have brought out that the deformation of type II structures has two phases: the "rst phase involves only plastic compression of the specimen and second phase involves rotation at the plastic hinges alone. Inertia is the dominant e!ect in the "rst phase and the behaviour of the second phase is more sensitive to strain rate.
Kharigiozova and Jones [6, 7] have proposed an improved elastic}plastic model for type II structures and have explained in detail the phenomena during the initial phase of impact of the striker on the specimen. Su et al. [8, 9] have proposed a uni"ed model for type II structures and have given an account of energies at di!erent phases of impact. They have studied the structural con"gurations shown in Fig. 2 . In their investigations they have brought out that inertia is the dominant e!ect in type II structures. Further, they have observed that strain rate sensitivity and elasticity are important and should be included. They have shown that inertia is important not only in the "rst phase of deformation but through out the deformation. It has been shown that the combined e!ects of strain rate and inertia make the peak load much higher and the "nal displacement much smaller. This clearly means that the rigid-perfectly-plastic material model is not suitable for this kind of structures. Since elasticity and strain rate sensitivity go hand in hand it is very important to properly determine the impact force.
Although a systematic study of structures under impact loading is available, literature on blast load is scanty. However, general principles of impact loaded structures can be applied to the blast loaded structures as well. The most important feature of the absorption devices is the collapse space e$ciency [10] .
where is the collapse e$ciency, ; C the energy absorbed, m the mass and d the collapse distance. To achieve an optimum the sti!ness and shape of the sacri"cial layer must be tailored vis-a`-vis the non-sacri"cial layer. Plastic deformation in the layer must spread over a large area of the structure. Another important point is that the plastic deformation must be predictable over the whole range of expected loading. Prede"ned plastic points help in achieving predictability. Finally, the plastic deformation should continue till the blast wave lasts. This ensures very little transmission of blast forces through the sacri"cial layer. All these points have been carefully considered before arriving at the present sacri"cial layer con"guration. However, the alternatives evaluated and their relative performance is beyond the scope of this paper. We will brie#y introduce the "nal con"guration.
The investigations carried out by di!erent authors on type II structures have brought out the e!ects of inertia, strain rate sensitivity and elasticity. In type II structures during the initial phase of impact a high dynamic force is developed, this impulsive force acts on the supporting structure and certainly some energy is transmitted to the supporting structure depending on its compliance characteristics.
During any impulse loading the kinetic energy should get dissipated through plastic deformations in an energy absorbing structure. If there is a shortage of collapse space the kinetic energy may give rise to a high impulse transfer to the support structure. If the support structure is very rigid, then the energy absorbed by the support structure may still be very less even though the impulse transfer is high. However, if the support structure is #exible, a signi"cant portion of energy may get transmitted in the initial phase of the impact itself, this may a!ect the response of the energy absorbing structure. In any practical impulsively loaded engineering structure, the nature of impulse transfer by the energy absorbing structure to the support structure is a very important aspect. Here the objective should be to reduce the peak force and to extend the duration of the deformation so that energy absorption is e!ective. The extension of the response time means that more time is available for dissipation of kinetic energy in the form of plastic deformations. 
Proposed layered sacri5cial cladding
Solutions of problems involving large plastic deformations are very complex and very tedious and time consuming even with sophisticated computing tools like FEM. For complex structures like blast and impact resistant doors, it is extremely di$cult to carry out accurate analysis of the whole structure. As the analysis is carried out step by step considering large strains, a simple numerical model that captures the essential features of the problem and o!ers computational economy should be very useful to the designer.
Analytical studies have been carried out on a structural con"guration made of mild steel. The structural con"guration in periodic form becomes the sacri"cial cladding in single and multiple layers. Studies on the e!ect of change of certain design parameters have also been carried out. A simple analytical model that captures the overall behaviour of the sacri"cial cladding is proposed and the results are compared. Fig. 3 shows the "nal con"guration of the sacri"cial cladding. The sacri"cial cladding has three layers and a sti! non-sacri"cial structure. Each sacri"cial layer is composed of a number of identical cells. The components of a unit cell are a base plate, a cover plate and a web plate. For multi-layered con"guration, the base pate of the "rst layer forms the cover plate of the second layer and so on. The web plate has well-de"ned plastic hinge points. The shape ensures that during the process of deformation the web folds in a particular manner and absorbs energy due to large plastic deformations when subjected to a range of impulsive loading. This con"guration possesses the desirable features of a sacri"cial layer that are discussed in the previous section. Moreover, the layered cell con"guration allows us to tailor the number of layers according to the blast energy.
Another desirable feature for blast absorption devices is that the plates should not rupture. Therefore, the strains must be restricted below the rupture strain of the material. The present con"guration achieves this as well. In a periodic structure such as the present one the behaviour of a unit cell largely determines the overall behaviour of the layer. This facilitates in developing an economical analytical model of the structure. We shall brie#y discuss the analytical model.
There are certain important aspects, which are essential for e!ective absorption of energy and a predictable behaviour of the layers. The "rst important aspect is that there should be su$cient space available within each layer for large plastic deformations to take place. Secondly, it is important that the layers should not rupture within the duration of the blast pulse. Thirdly, the layers should get crushed e!ectively and the pattern of deformation should remain unchanged every time for the entire range of expected blast loading. These properties are essential as large plastic deformations only absorb blast energy in layered sacri"cial claddings. When the layers behave in a predictable manner, it is possible to establish simple theoretical/empirical relations and this leads to easier design methods. Once the essential properties of layered sacri"cial claddings are established attention can be focused on the behaviour of the unit cell. Certain con"gurations of unit cell may not behave predictably under di!erent blast loading. The pattern of deformation of unit cells may vary depending on the impulse. In such cases the deformation pattern of the layers may be unpredictable and hence proper calculations of energy absorption and impulse transfer may not be possible. Such con"gurations are too di$cult to be framed in a simplistic analytical model and hence they are also di$cult to design. The structural con"guration considered here has a de"nite pattern of deformation during crushing and hence it is possible to analyse and design blast resistant structures with the help of simple analytical models.
Analytical model
In the analytical model two aspects are involved, (i) modelling of blast pressure, (ii) modelling of the structure. We discuss the blast pressure here. Due to explosion a spherical front of the blast wave develops. The high initial pressure reduces as the wave propagates through air. The blast wave gets re#ected when it meets an obstructive surface. The nature of re#ection depends on the angle of incidence and the nature of the surface. The surface experiences the re#ected pressure pulse that will be higher than the incident undisturbed pressure intensity. The spherical pressure front can be approximated as a plane pressure wave if the distance of explosion is high compared to the dimensions of the plane surface that is subjected to the blast loading. The blast pressure decays exponentially, but it can be approximated to an equivalent triangular pressure pulse. The nature of blast loading is always impulsive, i.e. a high intensity loading for a very short duration. Refs. [11, 12] give more details on the nature of blast loading. The intensity of the blast pressure and its duration depend on the weight of the explosive charge and the stand-o! distance. Fig. 4 shows a typical equivalent triangular incident and re#ected blast pressure pulse.
If the entire surface area of the sacri"cial layer is subjected approximately to the same intensity of pressure and the length of the structure is much higher than the dimensions of the unit cell, it is possible to consider it as a plane strain problem. Utilising the periodicity of construction and the symmetry of the unit cell a plane strain idealisation of the half-cell is su$cient for an analytical model. Fig. 5 shows the "nite element plane strain model of the half-unit cell. ANSYS Finite Element program with some additional programming to take care of strain rate e!ects is used for carrying out the analysis. A step-by-step analysis with time marching using implicit Newmark time integration scheme is used for carrying out the analysis. Plane strain four-noded isoparametric elements are used with a 2;2 integration scheme. The dynamic yield stress is calculated at every time step for each element at every integration point according to the Cowper}Symonds [13] relationship
where is the dynamic yield stress, the static yield stress and D and q are material constants; for mild steel D"40 s\ and q"5.
Penalty function-based contact interface elements including the friction e!ects are used at locations wherein the web plate folds and comes into contact with the cover and base plates. When a node tries to penetrate a surface formed by a face of a plane strain element, a contact element is formed using the penalty function and the coe$cient of friction of 0.2 was assumed between the contact surfaces.
The material properties used for mild steel are yield stress, s W "260 N/mm, Young's modulus, E"206010 N/mm , tangent modulus, E 2 "250 N/mm.
A simple analytical model
The plane strain model discussed above is very accurate. However, it is computationally involving, and it may not be possible to develop 3D models of the structures using the Several researchers have proposed simple mathematical models to simulate impulsively loaded energy absorbing structures. The inertia and strain rate e!ects have to be brought into the mathematical model to obtain a proper response of the structure. The e!ect of inertia is of paramount importance and the sensitivity of strain rate e!ect and elasticity may depend on the features of the energy absorbing structure under consideration. For type I structures, even a rigid}plastic model without strain rate e!ects may give a reasonably good result, whereas for type II structures strain rate sensitivity and elasticity cannot be ignored for properly calculating the impulsive force on the structure [8, 9] .
It is possible to construct a simple model in a number of ways. Zhang and Yu [4] have proposed a simple model with rigid links, lumped masses and plastic hinges. Tam and Calladine [5] have proposed elastic links instead of rigid ones and the simple model is nearer to reality. Karagiozova and Jones [6, 7] have proposed a simple model for type II structures that includes inertia and strain rate e!ects; the initial elastic compression is also included. Further, a 1-degree-of-freedom model has been proposed by them [14] , which can take care of inertia in axial as well as lateral directions.
Here, we propose a simple model entirely based on the quasi-static load}de#ection curve of the unit cell of the sacri"cial cladding structure (Fig. 6) . The strain rate e!ects are not considered in this simple model. The quasi-static load de#ection curve is obtained from a static elasto-plastic analysis of the "nite element model shown in Fig. 5. Fig. 6 shows that the characteristics of the unit cell fall in between type I and type II structures.
The simple model represents the structure in the form of a series of springs and lumped masses. The springs have only one degree of freedom in their axial direction. The sti!nesses of individual springs are scaled from the quasi-static load}de#ection curve of the unit cell.
where k Q is the sti!ness of a spring in series, H the height of unit cell, h the height of the spring and k the cell sti!ness derived from quasi-static analysis.
The simple model (Fig. 7) is an exact representation of the unit cell under quasi-static loading. However, under impulsive loading, the simple model is highly sensitive to the distribution of mass. Inertia plays a role of paramount importance in this problem. Therefore, the spatial distribution of mass in the unit cell must be retained in the simpli"ed model. This can be achieved by dividing the cell into many small segments. However, a trade-o! between accuracy and economy must be reached by judicious selection of points of mass lumping. Deformation of the unit cell is mainly due to the deformation of the web plates. In comparison, the deformation in the cover plates is marginal. If we neglect, the elastic and plastic energy of the cover plate, it is possible to lump the mass of the cover plate at a point. The web plate must be discritesed with small springs with special attention to distribution of mass. The results of this model are compared with the results obtained from the "nite element analysis.
Analysis and discussions
Analytical studies are carried out for the single and three layer sacri"cial claddings. The loads and structural details are presented in Table 1 . The same structures were used in the experimental investigation and were subjected to identical loading. Airburst explosions were assumed for the calculation of blast pressures. Baker's formulae [11] were used for calculating the blast pressure and duration. Table 1 gives the re#ected over pressures and the duration of the equivalent triangular pulse. Fig. 8 shows the progressive deformation of the single cladding layer in case 1. During the "rst phase, the cover plate experienced plastic deformations and this phase lasted for about 0.34 ms. In the second phase the two bends in the web started undergoing plastic deformations, the plastic zone started forming at and around the original bends. The cover plate in this phase moves rigidly until the web has bent substantially such that the bends touch the cover and the bottom plates. Under this circumstance the contact interface elements come into action and they prevent penetration of the web through the cover plates. During the third phase, since the web has deformed to a much sti!er con"guration, the cover plate experiences further plastic deformation. Now the web deforms in a di!erent mode due to the support provided by the deformed cover plates and the plastic zones further spread. It may be noted that the cell gradually collapses to a shape that is stable and much sti!er than the initial shape. When the cell reaches the stable con"guration its absorption capacity is fully exploited. Fig. 9 shows the deformation v/s time curve of the cover plate. The results obtained from the "nite element model and the simple model are compared. The agreement between the simple model and the detailed model is very good. The deformation of the simple model is marginally, more than the detailed model. It may be noted that the strain rate sensitivity is ignored in the simple model. Therefore, it underpredicts sti!ness and overpredicts de#ection. The di!erence between the two models increases with increasing strain rate. However, the predictions of the simple model were always close to the detailed model for the present problem. Fig. 10 shows the force transfer between the sacri"cial and the non-sacri"cial layers. It is evident that force transfer from the sacri"cial layer to the non-sacri"cial layer is very small until 2.5 ms. The force transfer increases suddenly at 2.5 ms. At that instant the cell collapses fully (Fig. 8 ) and no absorption capacity is left in the cell. This gives rise to higher force transfer at 2.5 ms. To continue further absorption additional sacri"cial layers must be added. In case 1a, a 3-layer sacri"cial system is studied.
In case 1a, the three-layer cladding was subjected to the same blast loading as in case 1. The deformed shapes at di!erent time points are shown in Fig. 11 . It can be seen that the layers collapse successively. When the "rst layer starts collapsing, because of inertia and the sti!ness characteristics (Fig. 6 ) the second layer does not deform appreciably. This is due to low force transfer between the layers. Once the "rst layer acquires a sti!er con"guration there is enough impulse transferred to start the collapse of the second layer. This process continues until the kinetic energy is dissipated in the form of motion of the layers and the elastic energy. The elastic energy would cause rebound leading to elastic recovery and there can be some plastic deformations in the reverse direction depending on the extent of rebound. Fig. 12 shows the comparison of deformation of the single layer cladding of case 1 and the "rst layer of case 1a. It can be seen that the deformations are very close. The duration of collapse of the "rst layer (2.5 ms) remains unchanged in the three-layer system. The upward curve for case 1 after 2.5 ms indicates elastic recovery after complete collapse. Fig. 13 shows the comparison of force transfer for case 1 and that between the "rst layer and the second layer in case 1a. Here also the results are comparable. This behaviour shows that inertia e!ect is of paramount importance in this particular problem. This experiment shows that the cells collapse in layers. Until the "rst cell collapses completely the subsequent cells remain largely undeformed. The collapse time and force transfer in each cell is also independent of the number of cells used. Therefore, collapse behaviour of a single cell can be repeated for a multiple cell system. Figs. 14 and 15 show the deformation time history and the "nal deformed shape of three-layered cladding of cases 3 and 4. In these cases a smaller plate thickness was used to achieve higher levels of collapse. Case 4 led to a full collapse of all the three layers. From the "gures it is clear that the layers collapse successively. The completion of collapse in one layer and beginning of collapse in the successive layer is demonstrated by the kinks in the deformation curves. Moreover, from Fig. 14 it can be concluded that the simple model is able to predict the layer collapses accurately. The collapse is driven principally by the inertia forces. The simple model achieves a realistic distribution of mass by lumping the masses at very close intervals. This may be the key to the success of the simple model. Table 2 shows the time taken for collapse of layers of di!erent cases. Table 3 shows the computation of work done by the blast load and on the cells. The work done has been estimated by integrating the force acting over the deformations of the layers.
All the calculations are for unit thickness of the plane strain problem. The energy imparted is computed by integrating the blast force over the deformation history of the cover plate facing the blast. The energy transferred between the layers is calculated by integrating impulse transfer between the layers over the deformations. It is important to note here that elastic energy stored in the layers will be recovered in rebound and it causes further vibrations.
Conclusions
This paper proposes an e$cient sacri"cial layer con"guration. A detailed "nite element model and a simple model have been proposed to analyse the sacri"cial layer. The agreement between the two models is very good for the present range of loading. The proposed layer con"guration was found to be very e$cient in absorbing the blast. The layers of the sacri"cial cladding collapse successively. The "rst layer facing the blast load collapses "rst. The second layer starts collapsing only after the "rst layer has collapsed fully and this process continues. The mode of collapse of the cells is always the same. The sacri"cial layer e!ectively isolates the non-sacri"cial structure from the blast and the force transfer through the sacri"cial layer during collapse is negligible. The collapsed layers too have capacity to absorb energy but only with higher force transfer. The sacri"cial layers can be so designed that their collapse time is longer than the duration of the blast, thereby providing an e!ective blast isolation. An experimental veri"cation of the proposed design is presented in the accompanying paper.
